ABSTRACT
INTRODUCTION
The ever-increasing energy demands, the decline of fossil fuels sources and global concerns on environmental issues related to climate change and CO2 emissions have been the driving force behind the production of electricity using renewable energy sources.
Renewable energy such as solar, wind, tidal currents and ocean clean energy is sustainable, inexhaustible and environmentally friendly. Wind energy is currently amongst the fastest-growing sources of the electricity in the world and its integration to the grid is the subject of active research and developments [1] .
Amongst the various types of generators used for wind energy conversion system (WECS) [2] , the squirrel-cage induction generator offers the advantages of high reliability, low maintenance requirements and cost, and is very light [3] .
The amount of power generated from a wind energy conversion system depends mainly on the wind speed conditions and the geographical location. MPPT methods allow variable-speed wind turbines to operate at their optimal speed to capture the maximum power from the available wind energy [5] . Several MPPT techniques have been proposed for variable-speed WECS. The method used in this work is based on the knowledge of the wind turbine characteristics. Points of maximum power are stored in a look-up table as a function of the captured wind speeds. The optimal speed output from the MPPT is then used as the reference for the IFOC scheme [6] .The controllers' parameters are obtained by the pole placement method.
The switching states of the converter on the generator side are controlled by a conventional PWM (sine-triangle).
The AC side converter, on the other hand, is controlled by a programmed PWM look-up table wave shaping and controls both the level of the DC voltage and the active id and reactive iq currents and subsequently the power flow to the utility grid. The reference voltage on the DC side is chosen greater than the forward voltage of the source whereas the reference of the reactive current is set to zero to ensure power flow with unity power factor.
In this paper, a robust multivariable controller based on H-infinity is designed and evaluated on the comprehensive model of the WECS.
The rest of the paper is organized as follows: Section 2 introduces the overall simulation model structure and develops the control strategies. Section 3 presents the mathematical models of the components of the system. Section 4 presents the H-infinity control design and its modelling. Finally, the simulation results and conclusions are summarised in Sections 5 and 6, respectively. Appendix includes the values of the model parameters of simulation.
DESCRIPTION THE WIND ENERGY CONTROL SYSTEM
The WECS model consists of a three-bladed wind turbine of radius Rand a variable-speed SCIG connected to the supply through two PWM AC to DC controlled converters as shown in Fig.1 For the control system to be efficient, it is necessary to get the amplitude of the DC side voltage as well as both voltages and currents of the AC side. Moreover, a phase locked-loop circuit (PLL) is used to synchronise the system d-q components of the AC side voltage and currents with the utility grid.
The control law of the MIMO H-infinity controller is obtained as:
Where: vd, vq: are the grid voltages and voq, vod: are the inverter output voltages.
Therefore:
MODELNG OF THE WECS COMPONENTS

Wind Turbine and MPPT Models
The relationship between the wind speed and the mechanical aerodynamic transmission extracted from the wind can be described as follows [7] [8] [9] [10] [11] 
]
The power coefficient Cp is used for defining the aerodynamic efficiency of the wind turbine and depends on the characteristics of the turbine [11] .
λ: is defined as the ratio between the linear velocity at the end of the blade and the wind speed of the free jet and is given by: = Ω .
(4) Where Ωm is the rotational speed of the turbine. The characteristics of the Cp vary greatly depending on the wind and the speed level.
This means that the locus of the point representing the maximum power can be determined and tracked by adapting the speed of the turbine. Thus, to maximize the converted power, the turbine speed must be adapted to wind speed to follow the trajectory of the maximum power point given by equation (2) [4, 5] .
Generator and Grid utility Models
Based on the equivalent circuit used for the induction machines in the Park frame, the following model for the two-phase stator winding equivalent can be obtained:
Where vsd and vsq are the stator voltages in the Park frame, ωs speed of the generator stator and Φsd Φsq isd isq are 
Similarly, rotor voltages vrd and vrq are set to zero for a short-circuited rotor. ωr is the rotor speed of the generator and Φrd, Φrq, ird and irq are respectively the flux and currents of the rotor in d-q frame axis.
The flux components in the d-q frame axis are given by: For the rotor = + = +
And the motion equation is: The electromagnetic torque is expressed as:
The mathematical model of the grid utility in Park frame is:
Where: ωe: is the angular frequency of the grid. The DC bus voltage vdc varies with the power exchanged between the turbine and the grid according to the following equation:
Where: Idc1 is the DC side generator converter current. Idc2 is the DC side grid converter current. The active and reactive powers of the grid in relationship with Park frame voltages and currents components, where vq = 0, are:
The active power transmitted by the DC link can be expressed by:
The power balance between the DC and AC gives:
Generation of the programmed PWM Look up Table Models
This PWM technique is used to calculate the switching instants of the devices so as to match certain criteria on the frequency spectrum of the resulting wave [12] . These sequences are then stored and used cyclically to ensure the control of the switches.
The criteria commonly used are:  Elimination of harmonics of a certain range  Elimination of harmonics in a specified frequency band.
A Simulink block was created for the programmed PWM technique [10] .
The MI is varied from 0 to1.15 in steps of 0.01 (i.e.115 is the value of MI). Each MI is shown in a table of ωt for a period of0.02 sec with a sampling time of 0.02/4096.
The solutions obtained by the Newton-Raphson method to eliminate ten (10) harmonics for each MI is stored in an array of size 4 Kbytes (4×1024= 4096) i.e. 4096 points per cycle.
Thus, two counters were designed (one, horizontally to detect the MI and the other vertically to detect the instant ωt + α and to count from that instant for a period of 0.02 sec in steps of 0.02 / 4096), where the first counter pointer detects the MI. Once the MI is detected, the pointer of the second counter is attached to the table for the MI obtained by the first counter from the time ωt + α as shown in 
H-INFINITY MIMO CONTROLLER DESIGN
The H∞ standard problem can be formulated using the basic process model-controller structure depicted in Fig. 3. The transfer function relating w, u, e and y is given by:
P(s)
P is the transfer function of the process and K is the H controller to be designed.
The transfer matrix between w and e of the closed loop system, known as the Linear Fractional Transformation (LFT) which is given by:
Different methods have been being proposed to solve the H-infinity standard problem. In this paper, the GloverDoyle algorithm has been used [13] [14] . We introduce a minimal realization of the system P(s) as follows: 
This result is associated with the following internal description (where x is the state vector): With: To solve the H∞ standard problem, we assume that the following assumptions are satisfied:
The matrices (A, B2, C2) have to be controllable and observable in order to guarantee the existence of a controller K that internally stabilizes the system. The feedback controller Kc is designed to make the system internally stable and minimize the H∞ norm of the transfer function from the perturbation w to the error signal e.
‖ℱ( , )‖ ∞ ≺ (20)
For e Cx  , the H∞ state regulator has the following form:
The equation of the controller must satisfy the Riccati equations:
. + . + ( −2 . The H∞ controller calculated is in the following form:
With: 
SIMULATION RESULTS
The parameters values of all the components used in the simulation are listed in the Appendix. Fig.4 shows the active and reactive powers of the generator and the three phase stator voltages. Before the action of the wind turbine, it can be seen that the active power reaches a low value due to the iron and copper losses of the generator. When the wind turbine starts operating at t=0.2s, the generator supplies an active power equal to -2Kw for a wind velocity of 12m/s. At t=1.4s the wind velocity was changed to v=8m/s, then the active power falls to 0.6Kw. The reference of the active power is provided by the MPPT algorithm according to the available wind speed. Fig. 5 shows the wind speed, the speed and electromagnetic torque and the three phase stator currents of the generator for the same changes in the available wind. We note that the angular velocity and the electromagnetic torque are always monitored according to the value of the wind speed captured. Fig. 6 shows the active and reactive power and the grid and load currents. From time t=0.2s to t=0.8 s the active power is the same as the active power supplied by the generator, at t=0.8s a resistive load of 2 Kw is applied to the grid. The grid currents are constants and reach zero and the load absorbs all the power supplied by the generator. When the wind speed changes from 12m/s to 8m/s at t=1.4s, the generator is supplying a low current which forces the grid to produce the critical power to the load. The reactive power is always nil because the reactive power reference is set to zero to obtain a unity power factor. 8 shows responses of the power coefficient Cp and the tip speed ratio λ. We note that the power coefficient is maintained at its maximum value of 0.411 when the speed λ remains at the maximum value of 8. Fig. 8 Reponses of the power coefficient Cp and tip speed ratio λ.
CONCLUSION
In this paper, a robust control scheme was applied to grid currents of squirrel cage induction generator connected to a wind turbine. The MPPT control gives the optimal speed according to wind speed available. This optimal speed was taken as the reference of the indirect field oriented control of the induction generator. Active and reactive power flow between the inverter and the grid was controlled by the state space H-infinity controller based on Riccati equation. The inverter used a programmed PWM look up table which minimized considerably the harmonics in grid voltage and current.
The dynamic performance of the system was improved by the control strategy proposed in this work; the control scheme was able to extract the maximum of power from the wind as shown in the simulation tests. As future work, the authors believe that the dynamic performance can be improved by using the space vector PWM technique with multilevel converters. 
